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a b s t r a c t
We have studied the growth of wurtzite GaN and AlxGa1xN layers and bulk crystals by molecular
beam epitaxy (MBE). MBE is normally regarded as an epitaxial technique for the growth of very thin
layers with monolayer control of their thickness. However, we have used the MBE technique for bulk
crystal growth and have produced 2 in diameter wurtzite AlxGa1xN layers up to 10 mm in thickness.
Undoped wurtzite AlxGa1xN films were grown on GaAs (1 1 1)B substrates by a plasma-assisted
molecular beam epitaxy (PA-MBE) method and were removed from the GaAs substrate after the
growth. The fact that free-standing ternary AlxGa1xN wafers can be grown is very significant for the
potential future production of wurtzite AlxGa1xN substrates optimized for AlGaN-based device
structures.
& 2011 Elsevier B.V. All rights reserved.
1. Introduction
One of the most immediate problems hindering progress in the
field of nitride technology is the rarity of suitable substrates onto,
which lattice-matched group III-nitride films can be grown. The
consequence of a poor match is a very high defect density in the film
which can impair device performance. To improve the quality of the
III-nitride device structures it is possible to use GaN templates—thin
GaN layers, which can be grown on SiC or sapphire substrates by
metal-organic vapor phase epitaxy (MOVPE) or hydride vapor phase
epitaxy (HVPE). However, bulk GaN or AlN substrates are needed for
fabrication of the highest-quality GaN-based devices.
For AlGaN-based ultraviolet optoelectronics and for high fre-
quency applications at high power levels AlN substrates would be
a better choice in comparison with GaN. AlN substrates combine
the advantages of lower lattice and thermal expansion mismatch
to AlGaN alloys compared to sapphire, GaAs or SiC substrates with
high radiation hardness and a thermal conductivity superior to
bulk GaN.
However, there is a measurable difference in the lattice
parameters of GaN (c5.19 A˚) and AlN (c4.98 A˚) [1]. Therefore
for many ultraviolet device applications, which require for exam-
ple AlxGa1xN layers with x0.5, AlGaN substrates would be
preferable to either GaN or AlN. That has stimulated the current
search for methods to produce bulk AlxGa1xN substrates with
variable AlN content.
The group III-nitrides normally crystallizes in the wurtzite
structure, which has a hexagonal symmetry. High quality bulk
wurtzite (hexagonal) GaN substrates can be grown from liquid Ga
solutions [2,3]. However, the solubility of N in liquid Ga is very low
and it is difficult to obtain reasonable growth rates. It is possible to
increase the N solubility in Ga using high pressures and high
temperatures. However, such bulk GaN crystals are still not
commercially available mainly due to the slow growth rate of less
than 1 mm/hr and the small size of the crystals 1 cm2. There are
only a few reports in the literature on the growth of bulk AlxGa1xN
crystals using Ga melt solutions under high nitrogen pressure (up
to10 kbar) and at high temperatures (up to1800 1C) [4,5]. However,
the size of bulk AlxGa1xN crystals currently achieved by that
method are still very small (up to 0.80.80.8 mm3) [5].
Several companies are now offering free-standing bulk wurtzite
GaN substrates grown using MOVPE or HVPE. These are thick GaN
layers grown on different non-nitride substrates and after that
separated from the substrate. The size of commercially available
bulk hexagonal GaN substrates has now reached 2 in diameter
and thicknesses up to 0.5 mm. There are now attempts to grow
free-standing wurtzite AlxGa1xN bulk crystals with different com-
positions using HVPE and MOVPE [6]. However, to the best of our
knowledge, there was only one conference report several years ago
on the growth of free-standing wurtzite AlxGa1xN bulk layers with
a thickness up to 0.6 mm using HVPE [7].
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Molecular beam epitaxy (MBE) is normally regarded as an
epitaxial technique for the growth of very thin layers with mono-
layer control of their thickness. However, we have recently used the
plasma-assisted molecular beam epitaxy (PA-MBE) technique for
bulk crystal growth and produced free-standing layers of meta-
stable zinc-blende (cubic) GaN up to 100 mm in thickness [8,9]. We
have demonstrated the scalability of the process by growing free-
standing zinc-blende GaN layers up to 3 ins diameter. We have
shown that the PA-MBE process also allows us to achieve free-
standing zinc-blende AlxGa1xN wafers [10,11]. Thick zinc-blende
AlxGa1xN films with AlN content x from 0 to almost 1 were grown
by PA-MBE on 2 in GaAs (0 0 1) substrates and were removed from
the GaAs substrate after the growth. We have used free-standing
GaN wafers with thicknesses in the 30–100 mm range as substrates
for further epitaxy of cubic GaN-based structures and devices. The
side of the GaN crystal previously in contact with GaAs substrate
was used as the epi-side surface for the zinc-blende GaN substrate
fabrication. The first zinc-blende GaN/InGaN LEDs have been
demonstrated by our industrial collaborators, Sharp Laboratories
of Europe, using our zinc-blende GaN substrates [12].
In this paper we will describe the extension of this work to the
growth of free-standing wurtzite AlxGa1xN crystals by MBE.
2. Experimental details
Wurtzite (hexagonal) AlxGa1xN films were grown on GaAs
(1 1 1)B substrates by plasma-assisted molecular beam epitaxy
(PA-MBE) in a MOD-GENII system [11]. 2 in diameter (1 1 1)B
Si-doped GaAs substrates were used. We have grown layers on
(1 1 1)B oriented substrates in order to initiate the epitaxy of
hexagonal AlxGa1xN layers. The active nitrogen for the growth of
the group III-nitrides was provided by an HD25 RF activated plasma
source. Prior to the growth of AlxGa1xN layers, a GaAs buffer layer
was grown on the GaAs substrate in order to improve the properties
of AlxGa1xN films. We have grown a thin (50 nm) wurtzite GaN
buffers before the growth of AlxGa1xN layers of desired composi-
tion. All AlxGa1xN layers were grown under strong group III-rich
conditions in order to achieve the best structural quality layers. In
the current study all AlxGa1xN were grown at temperatures of
680 1C and at a growth rate of 0.25 mm/h. Free-standing bulk
AlxGa1xN layers were obtained by mounting AlGaN layers on glass
with wax and removing the GaAs substrates using a chemical etch
(20 ml H3PO4:100 ml H2O2).
Samples were studied in-situ using reflection high-energy elec-
tron diffraction (RHEED) and after growth ex-situ measurements
were performed using X-ray diffraction (XRD). To investigate the
optical properties of free-standing AlGaN layers we have studied
photoluminescence (PL) and cathodoluminescence (CL). In PL we
have used a quadrupled tuneable ps Ti:Sapphire laser operating at
190–330 nm. For CL we used an FEI Sirion 200 scanning electron
microscope, producing an electron beam of 10 kV and 9 nA at 451
incidence on the sample surface.
We have studied Al incorporation in wurtzite AlxGa1xN layers
by secondary ion mass spectrometry (SIMS) using Cameca IMS-3F
and IMS-4F systems and by electron probe microanalysis (EPMA)
using a Cameca SX100 apparatus.
3. Results and discussion
Initially we have performed PA-MBE growth of thin wurtzite
AlxGa1xN layers on (1 1 1)B GaAs substrates for Al compositions
ranging from 0 up to 0.5. As expected, in 2y–o XRD plots with
increasing Al content in the layers we observed a gradual shift of
the position of the AlxGa1xN XRD peak to higher angle. PL and CL
studies have confirmed an increase of the band gap of AlxGa1xN
layers with increasing Al content.
Based on these results we have grown 10 mm thick wurtzite
AlxGa1xN layers under the similar growth conditions with x from
0 up to 0.5. From our previous experience with MBE growth of
zinc-blende GaN [8–11], such a thickness is already enough to
obtain free-standing GaN and AlxGa1xN layers without cracking
and at the same time does not require very long growth runs. To
increase the thickness even further to 50–100 mm is merely a
technical task as we have shown earlier [8–11]. For this demon-
stration of the feasibility of the method, therefore, we have chosen
to grow all bulk AlxGa1xN layers up to a thickness of 10 mm.
We have cut each 2 in diameter AlxGa1xN/GaAs wafer into
2 equal parts. Free-standing bulk AlxGa1xN layers were obtained
by mounting 1/2 of 2 in wafers with 10 mm thick layers on the
glass with wax and removing the GaAs substrates using a
chemical etch. The resulting surface of the layer was very smooth
and we have not observed any cracks in the central part of 2 in
wafers for all Al contents studied.
From our experience of working with thin free-standing zinc-
blende GaN layers [8–11], we know that 10 mm thick cubic AlGaN
layers will bow if they are removed from the glass. The extent of the
bowing depends strongly on the thickness of the AlGaN layer and
possibly the Al content. The 10 mm thick (Al)GaN layers are also
very fragile and difficult to handle. Therefore, we have kept our bulk
wurtzite AlxGa1xN layers mounted on glass for further studies.
Strictly speaking this means that we do not have ‘‘free-standing
AlxGa1xN layers’’, but ‘‘10 mm thick bulk AlxGa1xN layers
mounted on glass’’. For simplicity in our discussion we call them
‘‘free-standing’’, because they have been removed from the GaAs
substrate, so they are ‘‘free-standing’’ from GaAs.
Fig. 1 shows a 2y–o XRD plot for a 10 mm thick free-standing
AlxGa1xN layer mounted on glass with wax. In XRD studies we
have observed a single peak at 351 which is the correct position
for a wurtzite AlxGa1xN layer. Using Vegard’s law, we can estimate
the composition of the AlxGa1xN layer shown in Fig. 1 to be
x0.25. The value of AlN content in this AlxGa1xN layer was also
confirmed later by EPMA measurements. As we have previously
shown [13], from high resolution XRD scans we can estimate the
zinc-blende fraction, which in this case was below our detection
limit (o0.1%). The intensity of the 351 peak is very strong with a full
width at half maximum (FWHM) of only 0.271. It is important to
note that for AlxGa1xN layer with similar composition of x0.25,
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Fig. 1. A 2y–o XRD scan showing the 0002 peak at the center of a 2 in diameter
bulk wurtzite AlxGa1xN wafer with x0.25 and with thickness of 10 mm (GaAs
substrate has been removed chemically).
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but with a thickness of only 0.5 mm the FWHM was similar, at
0.261. This data confirms that we are able to sustain the same
reasonable structural quality of AlxGa1xN layers whilst increasing it
in thickness from the very thin layers up to 10 mm. This is a very
significant result, because it shows that MBE can be a viable method
for the growth of bulk wurtzite AlxGa1xN crystals. In order to study
in detail the changes in structural quality with sample thickness and
Al composition, we are now investigating reciprocal space maps and
rocking curves for this series of samples and will report the findings
in due course. In a simple 2y–o XRD plots presented in this first
publication, we do not expect to find significant differences in peak
width, they are used mainly to determine lattice parameter and
hence indicate changes in composition.
Fig. 2 shows room temperature PL from the surface of thin
(0.5 mm) and thick (10 mm) AlxGa1xN layers with x0.05.
Both AlxGa1xN layers were measured while they were still on the
GaAs substrates. The Al content in the layers was confirmed using
XRD and EPMA. We can observe strong PL peaks for both thin and
thick AlxGa1xN layers. The position of both peaks is shifted from
the GaN band gap to 3.6 eV, as expected for AlxGa1xN layer
with x0.05. We can observe a slightly higher PL energy for the
thicker AlGaN layer, which shows that the AlN content in this
sample is probably slightly higher. In both samples there is no
evidence for any yellow PL band at around 2.2 eV or PL from any
zinc-blende AlxGa1xN inclusions. We are currently performing
detailed studies of room and low temperature PL for the bulk
AlxGa1xN samples with the different AlN content. We are study-
ing PL on both sides of free-standing samples and the results will
be presented elsewhere together with other electrical data.
Fig. 3 shows the XRD data for 4 free-standing bulk AlxGa1xN
wafers of different compositions. All 4 samples have a thickness of
10 mm and were mounted on glass with wax. The AlN content
of the AlxGa1xN layers was estimated from the position of the
XRD peak using Vegard’s law and was confirmed by EPMA
studies. We have observed a gradual increase in FWHM and
decrease in XRD peak intensity with increasing Al composition
from 0% to 50%. The penetration depth of XRD analysis for GaN
is more than 10 mm and therefore we are analyzing the whole
thickness of the current layers. We have grown a thin (50 nm)
wurtzite GaN buffer before the growth of all AlxGa1xN layers and
this GaN buffer can be seen as a shoulder on the XRD data
in Fig. 3, for samples with high Al content. The intensity of the
XRD peak is still strong and FWHM is relatively narrow for all four
AlxGa1xN layers, which confirms that MBE can be used as a
method for the growth of bulk wurtzite AlxGa1xN crystals for a
wide range of the AlN compositions.
We have studied depth uniformity of the Al incorporation into
the AlxGa1xN layers using SIMS. For the thick layers (10 mm),
SIMS sputtering through the whole bulk of the layer is not viable.
We have limited the sputtering time in SIMS to 15 min. Fig. 4 shows
SIMS profiles for Al, Ga, As and N at the center of an AlxGa1xN layer
with x0.05 on the side previously in contact with the GaAs
substrate. We have observed a uniform distribution of Al, Ga and
N within the bulk of AlxGa1xN layers with different AlN contents.
There is no significant As incorporation into the bulk of AlxGa1xN
layers, which was confirmed using the As signal being at the
background level of the SIMS system.
In order to study the lateral distribution of the elements across
the 2 in diameter AlxGa1xN wafer, we have performed EPMA
studies on the surface of the AlxGa1xN crystal previously attached
to the GaAs substrate. Fig. 5 shows the lateral distribution of the AlN
and GaN contents for the 10 mm thick free-standing AlxGa1xN
wafer with x0.5. We have measured the concentrations at several
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Fig. 2. Room temperature PL spectra for 2 wurtzite AlxGa1xN layers with AlN
content of x0.05 and thicknesses of 0.5 and 10 mm.
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Fig. 3. 2y–o XRD scans showing the 0002 peaks for four bulk wurtzite AlxGa1xN
wafers with different AlN contents. Thickness of all layers is 10 mm and GaAs
substrate has been removed chemically.
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Fig.4. SIMS profiles for Al, Ga, As and N at the center of an AlxGa1xN layer on the
side previously in contact with the GaAs substrate. Al concentration in AlxGa1xN
wafer is x0.05.
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points along the radius of the 2 in wafer by EPMA. The data are
normalized in the form [Al]/[AlþGa] with the N content also
quantified using the Ka X-rays and verified to be acceptably close
to 50 at%. Fig. 5 confirms that we were able to achieve a uniform
distribution of AlN content across the diameter for the central part
(34 mm in diameter) of the 2 in AlxGa1xN wafer. However, close
to the edge of the wafer the Al distribution becomes less uniform,
with the maximum AlN content close to the edge of the wafer. We
can attribute this effect to the strong dependence of the Al
incorporation on group III:N ratio during MBE. It is well established
in the MBE growth of hexagonal AlxGa1xN layers that, under the
Ga-rich conditions, the AlN fraction increases with decreasing N flux
due to the preferential incorporation of the Al over Ga [14,15]. In our
case we have slightly more group III-rich conditions at the edges of
the 2in wafer due to temperature non-uniformity. Such temperature
gradients will probably result in some thickness non-unformity in
our AlxGa1xN layers. In order to minimize this effect we will
optimize the thickness of the PBN backing plates used in our MBE
substrate holders.
The fact that uniform free-standing ternary wurtzite AlxGa1xN
wafers with a thickness up to 10 mm can be grown by MBE is very
important for the potential future production of wurtzite AlxGa1xN
substrates by MBE of any desired composition. We have already
shown that free-standing zinc-blende GaN wafers with thicknesses
in the 30–100 mm range can be used as substrates for further
epitaxy of cubic GaN-based device structures [12]. We have also
recently used the PA-MBE technique to produce such free-standing
layers of zinc-blende GaN up to 100 mm in thickness [10,11], so
increasing the thickness is merely a technical task for MBE. There-
fore, the first result presented above on the growth of uniform
ternary wurtzite AlxGa1xN wafers allow us to conclude that MBE
may be a viable method for the production of wurtzite AlxGa1xN
substrates.
4. Summary and conclusions
We have developed a process for the growth of bulk, free-
standing, wurtzite GaN and AlxGa1xN layers by PA-MBE. We
achieved 2 in diameter free-standing bulk wurtzite AlxGa1xN layers
mounted on glass with thicknesses up to 10 mm and with Al
contents up to 50%. The quality of the bulk AlxGa1xN layers has
been confirmed by XRD, CL and PL studies. The uniform lateral Al
distribution in the bulk AlxGa1xN layers has been confirmed by
EPMA and Al depth uniformity has been confirmed by SIMS. The fact
that free-standing wurtzite AlxGa1xN wafers can be grown by MBE
opens the possibility of the future production of wurtzite AlxGa1xN
substrates for further epitaxy of AlGaN-based device structures.
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